Background: Previously, proteomic methods were applied to characterise differentially expressed proteins in microdissected pancreatic ductal adenocarcinoma cells. Aims: To report that CapG and a related protein, gelsolin, which have established roles in cell motility, are overexpressed in metastatic pancreatic cancer; and to describe their pattern of expression in pancreatic cancer tissue and their effect on cell motility in pancreatic cancer cell lines. Methods: CapG was identified by mass spectrometry and immunoblotting. CapG and gelsolin expression was assessed by immunohistochemical analysis on a pancreatic cancer tissue microarray and correlated with clinical and pathological parameters. CapG and gelsolin levels were reduced using RNA interface in Suit-2, Panc-1 and MiaPaCa-2 cells. Cell motility was assessed using modified Boyden chamber or wound-healing assays.
Background: Previously, proteomic methods were applied to characterise differentially expressed proteins in microdissected pancreatic ductal adenocarcinoma cells. Aims: To report that CapG and a related protein, gelsolin, which have established roles in cell motility, are overexpressed in metastatic pancreatic cancer; and to describe their pattern of expression in pancreatic cancer tissue and their effect on cell motility in pancreatic cancer cell lines. Methods: CapG was identified by mass spectrometry and immunoblotting. CapG and gelsolin expression was assessed by immunohistochemical analysis on a pancreatic cancer tissue microarray and correlated with clinical and pathological parameters. CapG and gelsolin levels were reduced using RNA interface in Suit-2, Panc-1 and MiaPaCa-2 cells. Cell motility was assessed using modified Boyden chamber or wound-healing assays.
Results: Multiple isoforms of CapG were detected in pancreatic cancer tissue and cell lines. Immunohistochemical analysis of benign (n = 44 patients) and malignant (n = 69) pancreatic ductal cells showed significantly higher CapG staining intensity in nuclear (p,0.001) and cytoplasmic (p,0.001) compartments of malignant cells. Similarly, gelsolin immunostaining of benign (n = 24 patients) and malignant (n = 68 patients) pancreatic ductal cells showed higher expression in both compartments (both p,0.001). High nuclear CapG was associated with increased tumour size (p = 0.001). High nuclear gelsolin was associated with reduced survival (p = 0.01). Reduction of CapG or gelsolin expression in cell lines by RNAi was accompanied by significantly impaired motility. Conclusions: Up regulation of these actin-capping proteins in pancreatic cancer and their ability to modulate cell motility in vitro suggest their potentially important role in pancreatic cancer cell motility and consequently dissemination. P ancreatic ductal adenocarcinoma is a leading cause of cancer-related deaths. It was responsible for an estimated 213 000 deaths worldwide in 2000. 1 The disease is characterised by rapid tumour spread, and the overall median survival is ,6 months. 2 Local invasion and metastasis are partly responsible for the dismal prognosis.
Cell migration is a prerequisite for tumour cell invasion and metastasis. It is believed that cancer cells migrate using mechanisms similar to those used by normal cells for processes that involve regulated and often extensive movement, such as wound healing and immune-cell trafficking. 3 The processes underlying pancreatic cancer cell invasion and metastasis are poorly understood. 4 We and several other groups have used genomic and proteomic methods to study gene and protein expression in invasive pancreatic cancer. Our recent work combined microdissection and two-dimensional gel electrophoresis to identify proteins that are differentially expressed in malignant compared with benign, pancreatic ductal cells. 5 One of the proteins that we found to be overexpressed in malignant cells is the actin-binding protein, CapG.
CapG is a member of the gelsolin superfamily of proteins, which regulates actin filament length by capping or severing filaments. 6 Gelsolin, the first identified member of the family, 7 has a six-domain structure. In the presence of calcium, it binds to and severs actin filaments, after which it remains as a cap on the fast-growing, barbed end of the cut filament. Release and uncapping occurs when gelsolin binds phosphatidylinositol lipids. 6 The basic gelsolin domain structure and mechanism are maintained in other members of the family, except that some, such as CapG, have three instead of six repeating domains.
CapG caps actin filaments in the presence of Ca 2+ , but does not sever filaments. 8 The actin-binding activity of CapG is controlled by micromolar calcium (Ca 2+ ) and is reversible by reducing the Ca 2+ concentration. Several studies have shown a role for CapG and gelsolin in regulating cell motility. [9] [10] [11] [12] [13] [14] [15] Moderate overexpression of CapG in fibroblasts resulted in increased motility in wound-healing assays and in translocation through microporous membranes. 9 Similarly, overexpression of CapG in endothelial cells led to increased motility. 10 Neither CapG nor gelsolin are essential for normal development, at least in the mouse, for which CapGnull and CapG/gelsolin double-null strains have been produced. Both developed normally and had no gross abnormalities. 11 However, all of these mice exhibited changes in cellular processes, involving cell motility. The absence of CapG led to impaired macrophage motile function. Both spontaneous and induced macrophage membrane ruffling was diminished in CapG-null cells compared with wild-type macrophages. 11 Moreover, bone marrow-derived dendritic cells and neutrophils from CapG-null mice were shown to have impaired ruffling responses and decreased migration speeds, respectively. 12 Furthermore, CapG-null mice were dramatically more susceptible to the intracellular bacterium Listeria monocytogenes compared with wild-type animals; and this may be attributed to defects in specific motility mechanisms, the exact nature of which remains to be identified. Gelsolin overexpression in cultured fibroblasts also resulted in increased motility, 14 whereas in gelsolin2/2 mice the motility of osteoclasts was decreased. 13 Studies of neuronal growth cones in these mice also showed delayed retraction of lamellipodia and filopodia. 15 Thus, although CapG-null and gelsolin-null phenotypes are not identical, both of them have cell motility defects.
Gelsolin expression has been studied in a variety of other cancers. [16] [17] [18] [19] [20] This is not the case for CapG, for which relatively little is known about its association with cancer. To our knowledge, nothing has been reported about gelsolin or CapG protein levels in pancreatic adenocarcinoma.
We report here the detection of CapG overexpression in a proteomic study of microdissected pancreatic cancer specimens and the validation of its overexpression in malignant pancreatic cancer cells by immunohistochemical analysis. In addition, we show the overexpression of gelsolin in pancreatic cancer cells and demonstrate that reducing the levels of either of these proteins decreases the motility of pancreatic cancer cell lines. The marked up regulation of motility-modulating actin-capping proteins in pancreatic cancer cells may have important consequences for the motility and consequently the dissemination of these cells.
MATERIALS AND METHODS

Mass spectrometry
We described previously 5 the detection of differentially expressed proteins from microdissected pancreatic specimens by two-dimensional gel electrophoresis. Protein spots, excised from Coomassie Blue-stained gels, were trypsin digested, as described previously. 5 Mass spectra were obtained on a matrixassisted laser desorption/ionisation-time-of-flight (MALDI-TOF) mass spectrometer (Micromass, Manchester, UK) and searched against human sequences in the NCBI non-redundant database, using Mascot software (Matrix Science, Boston, USA, http://www.matrixscience.com).
Two-dimensional electrophoresis and immunoblotting
Proteins from 30, 7-mm-thick sections of a frozen pancreatic tumour sample were solubilised in lysis buffer (7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulphonate, 40 mM Tris base and 1% dithiothreitol). The viscosity of the protein lysate was reduced by syringing through a 21-G needle and insoluble material removed by centrifugation at 14 000 g for 30 min at room temperature. Proteins were focused on pH 3-10 non-linear strips, 13 cm in length, as described, 5 and then separated on 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis gels. Gels were stained with colloidal Coomassie Blue, or electroblotted on nitrocellulose membrane and immunostained for CapG, using a rabbit anti-CapG antibody. Visualisation was performed using an anti-rabbit horseradish peroxidase-conjugated secondary antibody and electrochemiluminescence, using Western Lightning Chemiluminescence Reagent Plus (Perkin-Elmer Life Sciences, Beaconsfield, Bucks, UK).
Generation and purification of recombinant CapG
A recombinant thioredoxin-CapG fusion protein was produced using the pBAD/TOPO thiofusion kit (Invitrogen, Paisley, UK), following the manufacturer's instructions. The full coding sequence of CapG was amplified using the primer pair 59-atgtacacagccattccccagagtggc-39 and 59-tcttttccagtccttgaaaaattgcttgaag-39-the second of these replaces the stop codon with an arginine-encoding triplet. This was cloned into the pBAD/TOPO thiofusion vector and transformed into Escherichia coli. Optimal expression of the fusion protein was achieved after incubation of cultures with 0.002% (w/v) L(+)-arabinose (Sigma, Poole, UK) for 20 h. The fusion protein, which is (His) 6 -tagged, was purified using nickel-loaded HiTrap chelating HP columns (Amersham Biosciences, Buckinghamshire, UK), and eluted in a buffer of 0.02 M sodium phosphate, 0.5 M NaCl, 0.5 M imidazole and 8 M urea (pH 7.4). Purity of recombinant protein was estimated at .90% on a Coomassie Blue-stained sodium dodecyl sulphate-polyacrylamide gel electrophoresis gel (data not shown).
Immunohistochemistry
Immunohistochemical detection of CapG and gelsolin was carried out on a pancreatic cancer tissue microarray, containing matched duplicate non-malignant (normal ducts) and malignant (tumour) cores from 69 patients treated at the Royal Liverpool University Hospital, Liverpool, UK, between 1994 and 2003. Non-malignant cores from 24 and 44 of the 69 patients contained sufficient benign ductal cells for evaluation of gelsolin and CapG, respectively. Immunohistochemical analysis was carried out as described previously. 5 Briefly, 5-mm-thick microarray sections were deparaffinised in xylene and then rehydrated through alcohol to distilled water. Antigen retrieval was carried out by pressure cooking the slides in 10 mM EDTA (pH 7.0) for 3 min. Immunohistochemical staining was carried out using an automatic staining system (Autostainer; DakoCytomation, Ely, Cambridgeshire, UK). Slides were incubated for 40 min with rabbit anti-CapG antibody (using an optimal dilution of 1:700) or a monoclonal gelsolin antibody GS-2C4 (Sigma) titrated at the optimal dilution of 1:40 000, then rinsed in Tris-buffered saline-Tween 20 (pH 7.6) and the antibody localisation visualised by incubating sections with a horseradish peroxidaseconjugated labelled polymer for 30 min, followed by treatment with diaminobenzidine for 20 min (ChemMate EnVision, DakoCytomation Cambridgeshire, UK). Slides were counterstained with haematoxylin, dehydrated with 100% ethanol, cleared in xylene and mounted with DPX mountant (VWR International, Poole, UK). As a control for antibody specificity, rabbit anti-CapG polyclonal antibody was mixed with an excess of the purified recombinant thioredoxin-CapG fusion protein and incubated overnight at 4˚C before application to tissue sections as described above. Buffer constituents in both control and blocked antibody preparations were identical.
Scoring and statistical analysis of immunohistochemically stained tissue arrays Scoring of the pancreatic cancer tissue microarray cores was performed by a specialist histopathologist. The information recorded included the subcellular location of CapG or gelsolin staining (nuclear or cytoplasmic), the intensity of staining (graded 0, negative; 1, weak; 2, moderate; and 3, strong) and the percentage of cells showing positive immunoreactivity (0, no staining; 1, ,20%; 2, 20-50%; and 3, .50% of cells). The total score for each compartment was obtained as the product of intensity and extent of staining. Weak or negative cases were defined as having a score of ,2; strong cases had a score of >2.
Clinicopathological parameters such as patients' sex, age at surgery, tumour grade, lymph node status, resection margin status, presence of vascular invasion, presence of perineural invasion and tumour size (categorised as ,20 mm and >20 mm) were extracted from histopathological reports. To obtain associations between CapG or gelsolin expression and clinicopathological parameters, data were cross tabulated and Fisher's two-sided exact test or x 2 test (for tumour grade) was applied. Analysis of the relationship between tumour size and CapG staining was also carried out using the Mann-Whitney U test. CapG and gelsolin immunohistochemical scores of benign and malignant cells were also compared using the MannWhitney U test. To evaluate the effect of CapG or gelsolin expression on patient survival, life tables were constructed from survival data and Kaplan-Meier curves plotted. Overall survival was measured from date of initial surgery to date of death, counting death from any cause as the end point, or the last date of information as the end point if no death was documented. The date of death was available for all patients, with the exception of four who were still alive at the time of analysis. For Kaplan-Meier curves, comparisons between groups were performed using the log rank test. All statistical analyses were carried out using Statview V.5.01. Results were considered significant for values of p,0.05.
siRNA knockdown of CapG and gelsolin expression
The human pancreatic adenocarcinoma cell lines Panc-1, MiaPaCa-2 and Suit-2 were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 2500 IU/ml penicillin and 5 mg/ml streptomycin (all from Sigma) at 37˚C in a humidified atmosphere of 5% CO 2 . For siRNA treatment, cells were plated in six-well plates at either 2610 5 cells per well (Panc-1 and Suit-2) or 4610 5 cells/well (MiaPaCa-2) 24 h before transfection. Before transfection, the medium was replaced with 2.6 ml of antibiotic-free medium. Cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, California, USA) and Optimem I (Invitrogen) according to the manufacturer's instructions. Final siRNA concentrations (in a total of 3 ml of medium) were 10 nmol/l in experiments using CapG-targeting siRNA molecules and 20 nmol/l in those using gelsolin-targeting siRNA molecules. The plates were returned to the incubator until motility assays or wound healing assays were carried out. Generally, in the case of CapG knockdown, these were carried out 72 h after transfection and in the case of gelsolin at 48 h after transfection. When Suit-2 cells were used in CapG knockdown experiments, cells were transferred from six-well dishes into 75 cm 2 flasks, at 48 h after transfection, and plated for motility assays after a further 48 h. The number of viable cells present after treatment with control siRNAs, RISC-free siRNA and targeting SiRNAs was determined for all cell lines by counting cells incubated with trypan blue at 48 h (gelsolin) and 72 h (CapG) after transfection.
Two siRNA molecule (Dharmacon, Illinois, Chicago, USA) sequences GGAGGAGCCUGCUGAGAUG and GAUAUCUGAA CUGCUUU (corresponding to positions 642-661 and 831-849, respectively, within the coding sequence of CapG, Genbank accession number NM_001747) were used to knock down CapG. Two siRNA molecule (Dharmacon) sequences GAACGGAAAUCUGCAGUAUUU and GAACUCCAACGAUGC CUUUUU (corresponding to positions 359-377 and 1811-1831, respectively, within the coding sequence of gelsolin, Genbank accession number NM_000177) were used to knock down gelsolin. Three control siRNAs were used-a nonfunctional ''RISC-free'' siRNA (sicontrol RISC-free siRNA 1, Dharmacon) and two non-targeting siRNAs designated control 1 (sicontrol non-targeting siRNA 1 from Dharmacon) and control 2 (GGACGCAUCCUUCUUAA, a gift from Dr M Boyd, University of Liverpool, Liverpool, UK). To monitor the knockdown, cell lysates were prepared by extraction into 100 mM TRIS-HCl (pH 6.8) containing 2% w/v sodium dodecyl sulphate and a protease inhibitor cocktail (Complete, Mini, EDTA-free protease inhibitors; Roche Applied Science, Reading, UK). Immunoblotting was used to assess CapG and gelsolin levels, using a chicken (IgY) anti-human CapG antibody (GenWay Biotech, San Diego, California, USA) and a monoclonal gelsolin antibody GS-2C4 (Sigma), respectively.
In vitro cell motility assay Motility assays were carried out in 24-well format cell culture inserts (BD Biosciences, Oxford, UK), with 8 mm pores. At the appropriate time after transfection with siRNA or control RNA, cells were harvested and plated in complete medium on top of the culture insert at 5610 4 cells/insert (MiaPaCa-2 and Suit-2) or 1610 4 cells/insert (Panc-1) in 0.5 ml. The lower chamber contained 0.75 ml complete medium. Inserts were incubated at 37˚C, 5% CO 2 for 18 h. Non-invading cells were removed with a cotton swab soaked in medium. Cells that had moved through the pores (to the lower surface of the filters) were fixed and stained using the Diff-Quik staining kit (Dade Behring, Düdigen FR, Switzerland) and counted on a Leica CME microscope at 406 total magnification. Three inserts were counted for each treatment in each experiment and experiments were carried out at least three times.
In vitro wound-healing assay Panc-1 and Suit-2 cells were treated with siRNA as described above. After incubation for 72 (CapG) or 48 (Gelsolin) h, the cells were removed by trypsinisation, counted and plated at 4610 5 cells/ml in 12-well dishes. Cells were incubated overnight yielding confluent monolayers for wounding. Wounds were made using a pipette tip and photographs taken immediately (time zero) and 12 or 16 h after wounding for Suit-2 and Panc-1 cells, respectively. The distance migrated by the cell monolayer to close the wounded area during this time period was measured. Results were expressed as a migration index-that is, the distance migrated by siRNA treated (control or targeted) relative to the distance migrated by RISC-free control RNA treated cells. Experiments were carried out in triplicate and repeated at least five times.
3-(4, 5-Dimethythiazol-2-yl-2,5-diphenyltetrazolium bromide) proliferation assay While plating for motility, cells were also plated onto 96-well plates at 5610 3 cells per well (MiaPaCa-2 and Suit-2) or 1610 4 cells per well (Panc-1), in triplicate. After 18 h, 15 ml of 3-(4, 5-dimethythiazol-2-yl-2,5-diphenyltetrazolium bromide) (MTT) solution (5 mg/ml of 3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide in PBS; Sigma) was added to each well and plates incubated for 3 h at 37˚C. The medium was then removed, 100 ml dimethyl sulphoxide added and incubated at room temperature for 30 min, and the optical density at 550 nm determined using an Anthos 2001 plate reader (Anthos Labtec Instruments, Salzberg, Austria). The number of cells plated for each cell line was chosen, on the basis of earlier optimisation experiments, such that absorbance readings were in the linear range with respect to cell number. Results were expressed as MTT reading after siRNA treatment or MTT reading after RISC-free control RNA treatment. Experiments were carried out in triplicate and repeated between three and nine times.
RESULTS
Identification of CapG as a protein overexpressed in microdissected malignant pancreatic cell extracts
In a previous proteomics study, 5 we reported an increase in the intensity of a feature in two-dimensional protein profiles derived from laser-capture microdissected malignant pancreatic cancer cells. This was observed in various forms such as a single spot or as a pair of closely located spots (labelled spot(s) 2 in Shekouh et al 5 ) . Using MALDI-TOF mass spectrometry, we have now shown that both protein spots contain the same protein, CapG (NCBI accession number NP_001738). Figure 1A shows an example of the MALDI-TOF mass spectrometry spectrum and peptide coverage map for the right-hand side of the two spots. Similar results were found for the left spot (data not shown). To further confirm our mass spectrometry identification, we carried out western analysis on proteins (separated by two-dimensional gel electrophoresis) from a tumour known to express both spots. Comparison of a Coomassie blue-stained gel ( fig 1B, left panel) and a CapG-probed immunoblot ( fig 1B,  right panel) shows that the two spots identified by mass spectrometry as CapG (arrowed on the Coomassie blue stained gel) comigrated with those detected by western blotting with the CapG-specific antibody. Additionally, we also observed several spots on the immunoblot with isoelectric points lower than the main spots (arrowheads, fig 1B) . The combination of mass spectrometry and immunoblotting confirms, to a high degree of confidence, the spots identified as CapG. Previous studies have shown that at least some of the differences in electrophoretic mobility can be attributed to differential phosphorylation. (fig 2A) . Figure 2B shows (fig 2C,D; Mann-Whitney U test, p,0.001). The median score in the cytoplasmic compartment of malignant specimens was 1.5 (interquartile range (IQR) 0-3), compared with 0 (IQR 0-0) in benign ducts (p,0.001, Mann-Whitney U test). Similarly, the median nuclear score in malignant ducts was 1 (IQR 0-2), whereas no nuclear staining was observed in benign cells.
Immunohistochemistry confirmed overexpression of
RNA interference-mediated reduction in CapG expression resulted in impaired cell motility RNA interference (RNAi) was effective in reducing CapG protein levels in three pancreatic cancer cell lines, MiaPaCa-2, Suit-2 and Panc-1 ( fig 3A) . CapG levels were generally observed to diminish between 48 and 72 h after transfection with CapGtargeting siRNAs (all three cell lines), and remained low for at least 120 h (not shown). Two assays were used to assess the effect of CapG knockdown on cell motility; a migration assay using Boyden chambers and an in vitro wound-healing assay. In the case of the migration assay, cell numbers translocating across microporous membranes after treatment with RISC-free, non-targeting or CapG-targeting siRNAs were obtained. The results (fig 3B, C) are reported as motility indexes, which represent the number of cells translocating across the membranes, expressed as a proportion of the number translocating in the RISC-free control. In MiaPaCa-2 cells, knockdown of CapG with both CapG-targeting siRNAs significantly reduced cell motility, by an average of 59% (CapG siRNA 1) or 73% (CapG siRNA 2) compared with their respective non-specific controls ( fig 3B) . The metabolic activity of cells during the time period of translocation assays was assessed by MTT and results are shown as insets. In MiaPaCa-2 cells, marked reductions in MTT readings of 29% for CapG siRNA 1 and 21% for CapG siRNA 2 over respective controls were observed. This may have contributed to the observed decreases in motility, although it is unlikely, certainly in the case of CapG siRNA 2, to be wholly responsible. CapG siRNA #1 caused a 55% decrease in motility in Suit-2 cells (fig 3C, left panel) . The corresponding decrease in MTT activity was 8%. CapG siRNA #2, while showing 50% decreased motility relative to control #2, was not significantly lower (p = 0.069). Moreover, control siRNA 2 also had an unexpected positive effect on cell motility in Suit-2, with an average motility index of 1.65. A 12% decrease in MTT activity for CapG siRNA 2 over control 2 was observed in these cells. For Panc-1 cells, no difference in motility was observed after transfection with either of the CapG-targeting siRNAs (n = 9 attempts in three independent experiments; data not shown). These cells showed a significant increase of 30% for CapG siRNA 1 and a significant decrease of 25% in MTT readings for CapG siRNA 2 compared with respective controls (data not shown). For a more direct evaluation of the effects of CapG knockdown on cell viability, cells were counted 72 h after transfection with CapG targeting and control siRNAs. Significant differences in cell number were not observed after CapG knockdown in any of the three cell lines evaluated (n = 4-14 independent experiments).
In wound-healing assays, the distance moved by a wounded cell monolayer on plastic after treatment with RISC-free, nontargeting control siRNA or CapG-targeting siRNA was obtained. The results (fig 4) are reported as migration indices, which represent the distance moved by the non-targeting control siRNA or CapG-targeting siRNA-treated cells to close the wound, expressed as a proportion of the distance moved by the RISC-free control treated cells. MiaPaCa-2 cells, regardless of CapG levels (control or knockdown), migrated very small distances and were unable to achieve wound closure. Thus, they were considered unsuitable for this assay. In Panc-1 cells, CapG siRNA 1 and CapG siRNA 2 significantly decreased migration by 25% and 30%, respectively, when compared with nontargeting controls (p = 0.005 and p = 0.004; fig 4A) . This was in direct contrast with results obtained for this cell line in the translocation assay, described above. In Suit-2 cells (fig 4B) , knockdown of CapG using CapG siRNA 1 and CapG siRNA 2 decreased migration by an average of 50% and 30%, respectively, when compared with treatment with non-targeting control siRNA (p = 0.019 and 0.016).
CapG overexpression is associated with increased tumour size
We sought to determine whether overexpression of CapG in patients was associated with clinicopathological parameters. For the purposes of analysis, immunostaining scores were classified as weak (score ,2) or strong (>2). Using this classification, 24 of 69 (35%) patients exhibited strong immunoreactivity in the cytoplasmic compartment and 20 of 69 (29%) had strong immunoreactivity in the nuclear compartment. Nine (13%) patients had both strong nuclear and strong cytoplasmic staining. Data were available for all 69 patients, with the exception of perineural invasion (n = 67), vascular invasion (n = 52) and resection margin status (n = 66). A significant association was identified between tumour size and nuclear CapG staining intensity (Fisher's exact test, p = 0.001). This was based on a classification of tumour size into groups of ,20 mm and >20 mm. Of 20 patients who had high levels of (table 1) were observed. Similarly, no significant association was observed for survival and CapG staining intensity, for either nuclear or cytoplasmic compartments. Only five patients were alive at the time of the study. Median survival for patients with weak cytoplasmic staining was 13 months compared with 14.82 months for patients with strong cytoplasmic staining (p = 0.61, log rank test). For patients with weak nuclear CapG staining, median survival was 13 months compared with 15.45 months for patients with strong nuclear staining (p = 0.89, log rank test).
Gelsolin is also overexpressed in pancreatic cancer specimens After titration of a mouse monoclonal gelsolin antibody in a variety of tissues (data not shown), immunostaining of the pancreatic cancer tissue microarray was carried out, enabling analysis of benign ducts from 24 patients and malignant cells from 68 patients. Unlike CapG immunostaining, which was relatively weak, gelsolin staining was readily detectable, although staining was heterogeneous in some tumour cases. Intense staining was found in inflammatory cells and also in tumour cells (fig 5A) . The overall intensity of gelsolin staining was higher in malignant than in benign ducts (fig 5B, C) . The median score in the cytoplasmic compartment of malignant specimens was 3 (IQR 2-6), compared with 0 (IQR 0-1.5) in benign ducts (p,0.001, Mann-Whitney U test). Similarly, the median nuclear score in malignant ducts was 3 (IQR 2.5-6) compared with 0 (IQR 0-0) in benign ducts (p,0.001).
RNAi-mediated reduction in gelsolin expression resulted in impaired cell motility Having observed high levels of expression of gelsolin in pancreatic cancer specimens, we wished to determine whether this protein might contribute to the motility of pancreatic cancer cells in vitro. RNA interference was used to reduce gelsolin protein levels in Suit-2, Panc-1 and MiaPaCa-2 cells with two gelsolin-targeting siRNAs, GSN 1 and GSN 2 (fig 6A) . In translocation assays using Boyden-style chambers, GSN 1 and GSN 2 siRNAs significantly reduced cell motility in Suit-2 translocation (p = 0.08) when compared with control 2 ( fig 6C; right panel). MTT assays carried out over the same time periods are presented as insets. GSN # 1 had no significant effects on MTT readings compared with control 1 in any cell line. By contrast, both Suit-2 and Panc-1 cells showed significant decreases of 25% in MTT readings after GSN 2 treatment compared with control 2. In MiaPaCa-2 cells, a significant increase of 19% in MTT reading was observed after GSN 2 treatment compared with control 2. The numbers of viable cells were determined 48 h after treatment with gelsolin-targeting siRNAs compared with controls in MiaPaCa-2, Suit-2 cells and Panc-1 cells (n = 9, 17 and 17 independent experiments, respectively). Differences in cell number were not observed after transfection of cells with GSN 2. However, transfection of Suit-2 cells with GSN 1 resulted in an 11% decrease in cell number compared with control 1 (p = 0.058).
In wound-healing assays, both GSN 1 and GSN 2 siRNAs significantly impaired the ability of Suit-2 cells to migrate into the wounded monolayer by 51.6% (p(0.001) and 55.7% (p = 0.001), respectively, when compared with non-targeting controls (fig 7A, B) . In Panc-1 cells, GSN 1 impaired cell migration by an average of 25% when compared with its respective non-targeting control (p = 0.023; fig 7C) . Treatment of Panc-1 cells with GSN 2 reduced migration by 22% compared with control siRNA, although this was not significant (p = 0.101; fig 7D) .
High levels of nuclear gelsolin were associated with reduced patient survival As in the case of CapG staining, for the purposes of analysis, immunostaining scores were classified as weak (score ,2) or strong (>2). Using this classification, 54 of 68 (79%) patients exhibited strong immunoreactivity in the cytoplasmic compartment and 53 of 68 (78%) had strong immunoreactivity in the nuclear compartment. Forty nine (72%) patients had both strong nuclear and strong cytoplasmic staining. No significant associations were found between cytoplasmic or nuclear gelsolin expression levels and the parameters of sex, age at surgery, tumour size, nodal status, vascular or perineural invasion, or resection margin status. However, when high cytoplasmic gelsolin or CapG (staining score .2 in either case) were compared, a significant association was observed (Fisher's exact test, p = 0.021). Virtually all patients positive for cytoplasmic CapG (22/23 (95%)) were also positive for cytoplasmic gelsolin. Similarly, 12 of 13 (92%) patients with weak cytoplasmic gelsolin staining also had weak cytoplasmic staining CapG (table 2). It seems therefore that the overexpression of CapG is accompanied by the overexpression of gelsolin. To account for the possibility that the gelsolin antibody had some reactivity against CapG, we preincubated gelsolin antibody with recombinant CapG and showed that there was no reduction in gelsolin signal observed in an immunoblot ( fig 8A) . In addition, two-dimensional immunoblots showed no cross reactivity between CapG antibody and gelsolin (eg, fig 1) or between gelsolin antibody and CapG (data not shown).
Kaplan-Meier analysis showed that patients with low nuclear gelsolin had improved survival over patients with high gelsolin (log rank x 2 1 = 5.78; p = 0.016; fig 8B) . Moreover, univariate analysis showed nuclear gelsolin to be independent of other prognostic indicators such as nuclear S100A6 expression, 21 lymph node status or resection margin status. Low cytoplasmic gelsolin also tended to be associated with improved survival, although this did not reach statistical significance (log rank x 
DISCUSSION
Pancreatic ductal adenocarcinoma is an extremely aggressive disease, with most patients having metastases or extensive local invasion by the time of diagnosis. Little is known about the potential role of actin cytoskeleton reorganisation in the process of pancreatic cancer cell motility or dissemination. In this study, we describe the overexpression, in pancreatic cancer specimens, of two actin-capping proteins of the gelsolin superfamily. CapG expression was generally uniform in tumour specimens, whereas gelsolin expression was heterogeneous in some tumour cases. Our interest was originally focused on CapG, which we observed in a proteomics study 5 to be expressed to abnormally high levels in microdissected cancer cells compared with microdissected benign ductal cells.
Although we subsequently showed gelsolin also to be overexpressed, this was not observed in the proteomics study, largely because protein spots containing gelsolin were not detected in that study. This may imply that gelsolin is expressed in lower levels than CapG as the proteomics study allowed detection of relatively abundant proteins only. Alternatively, it may reflect properties of the protein that render it less amenable to extraction or twodimensional gel separation than CapG.
Very little is known about CapG in relation to cancer. Protein overexpression has been reported in only one other cancer typeocular melanoma, 22 although its functional consequences were not examined. Two independent gene array studies reported increased RNA transcripts for CapG in pancreatic cancer 23 24 although protein levels were not determined in these studies. Given the evidence that CapG has a role in normal physiological cell movement, [9] [10] [11] [12] we examined whether it could contribute to the motility of pancreatic cancer cells. Our RNA knockdown experiments showed that all three pancreatic cancer cell lines examined were sensitive to CapG depletion, showing substantial reductions in cell motility. Interestingly, the form of cell motility affected by CapG depletion was cell specific. Loss of CapG had no effect on the ability of Panc-1 cells to migrate in translocation assays, but severely affected the rate at which they achieved wound closure. Suit-2 cells, by contrast, were sensitive to CapG depletion in both assays, and MiaPaCa-2 cells, although exhibiting impaired motility in translocation assays after CapG knockdown, were unable to migrate to any considerable extent in wound-healing assays regardless of CapG status. Thus, CapG may contribute to motility in these cells in different ways and other factors are likely to be important. Unlike CapG, the expression levels of gelsolin have been studied in a variety of other cancers. In some, including bladder, 16 prostate 17 and lung, 18 gelsolin is down regulated, whereas in others-for example, urothelial carcinomas 19 and a subset of non-small cell lung cancer 20 -overexpression was reported. Our finding that gelsolin is overexpressed in a high proportion of pancreatic cancers led us to investigate whether it too could contribute to the motility of pancreatic cancer cells. Depletion of gelsolin in Suit-2 cells caused a marked reduction in motility, observed in both translocation and wound-healing experiments. Reductions in motility were also observed in both Panc-1 and MiaPaCa-2 cells, although they were less pronounced. Taken as a whole, our motility data for CapG and gelsolin are suggestive of potential roles for these proteins in pancreatic cancer cell motility and consequently dissemination.
However, further experiments, ideally using animal models, will be required to formally deal with whether either of these proteins or indeed other gelsolin superfamily members are important for the process of pancreatic cancer cell dissemination.
De Corte et al 25 26 have, in separate studies, shown that overexpression of nuclear CapG or gelsolin promotes invasion in in vitro systems. We found no statistically significant correlations between high CapG or gelsolin expression and putative parameters of invasion. However, this is not altogether surprising. We know that almost all patients with pancreatic cancer have advanced disease, characterised by metastases at the time of diagnosis. Only 3 of 69 patients in this study lacked demonstrable perineural invasion in the tissue blocks examined. Thus, the contribution of these proteins to invasion in the earlier stages of disease cannot be measured by examining associations in patients with advanced disease, and clearly other models are required. Nonetheless, we did observe an inverse association between gelsolin levels and survival, which was independent of other known prognostic parameters. In non-small cell lung cancers high gelsolin levels correlated with lymphatic invasion, 20 and were associated with poor survival. 27 Interestingly, there was considerable overlap between the cytoplasmic expression of CapG and gelsolin. It suggests that both actin-capping proteins are overexpressed in a subset of pancreatic cancers, although whether they act in concert or regulate each other's expression or activity remains to be determined.
Although this study has focused on the motility-associated functions of CapG and gelsolin, it is entirely possible that these proteins have other distinct roles in this cancer. CapG is a nuclear protein 28 and was readily detected in the nuclei of pancreatic cancer cells. This may be due to its lack of a nuclear export sequence. 29 Phosphorylated forms of CapG have been suggested to be preferentially associated with the nucleus. 30 Our observation, by two-dimensional western, of a trail of spots with isoelectric points lower than those of the two principal CapG spots is compatible with the presence of phosphorylated forms of CapG in pancreatic cancer. The role of nuclear CapG is largely unknown. We observed an association between nuclear, but not cytoplasmic CapG and larger tumour sizes. Although larger tumour sizes do not necessarily reflect enhanced growth rates, the question of whether CapG promotes tumour growth merits specific investigation. Although we did not observe significant reductions in cell number after CapG knockdown, MTT readings, particularly in MiaPaCa-2 cells, were reduced in response to lower CapG levels. Gelsolin also has other functions 6 -for example, a role in apoptosis, which may have potentially important implications for pancreatic cancer cells. Our study was limited to two members of the gelsolin superfamily of actin-capping proteins. However, other gelsolin superfamily members may be important. Recently, Prasad et al In summary, we provide the first study in which CapG and gelsolin protein levels have been described in pancreatic cancer. Our observations that depletion of CapG or gelsolin in pancreatic cancer cell lines diminishes their motility suggests the possible involvement of this family of proteins in the motility and consequently the dissemination of pancreatic cancer cells. Moreover, the association with gelsolin and poor survival indicate that this actin-capping protein may also contribute to the aggressive nature of this cancer. Further studies into the role of this family of actin-capping proteins in pancreatic cancer are merited. 
